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ABSTRACT 
This  is a f i n a l  r e p o r t  de f in ing  t h e  r e s u l t s  of a development program 
t o  upgrade t h e  performance of t h e  Bendix 5-2 pneumatic gimbal ac tua to r .  
The pneumatic gimbal ac tua to r  w a s  upgraded by r ep lac ing  t h e  vane 
type servomotor wi th  a higher  performance gear  type servomotor. 
servomotor w a s  designed t o  m e e t  t h e  requirements of NASA Spec i f i ca t ion  
50M35026 e n t i t l e d  "Pneumatic Actuator ,  Thrust  Vector Control System, De- 
s i gn  Spec i f i ca t ion  For." 
The gear servomotor's performance w a s  denonstrated on t h e  e x i s t i n g  
gimbal ac tua to r  w i th  hydrogen gas  a t  -250'F and 800 ps ig  supply pressure.  
The performance improvement over t h e  vane servomotor w a s  achieved as pre- 
d ic ted .  
w a s  improved t o  over 10  cps  from t h e  o r i g i n a l  vane motor 's  3 cps.  
new servomotor's performance w a s  f u r t h e r  demonstrated by running a l l  of 
t h e  performance tests requi red  by t h e  above s p e c i f i c a t i o n ,  and t h e  r e s u l t s  
are included i n  t h i s  r epor t .  
The conclusions of t h i s  program confirm t h a t  a pneumatic gimbal 
ac tua to r  unl imited by opera t ing  temperature can perform t o  the 5-2 engine 
requirements. 
The gear  
The frequency response of t h e  ac tua to r  d r iv ing  a simulated load 
The 
v i i  
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This r e p o r t  w a s  prepared by t h e  Bendix Research Labora tor ies  under 
This work w a s  sponsored by t h e  F l i g h t  Controls Development Branch, 
NASA Contract NAS 8-5407, Modification No. 10 ,  Phase I. 
As t r ion ic s  Division, Nat ional  Aeronautics and Space Administration, 
Marshall Space F l i g h t  Center, Huntsv i l le ,  Alabama. The program w a s  
administered under t h e  d i r e c t i o n  of Mr. J. Peoples and M r .  J. Smith, 
Code R-ASTR-NRM, NASA. The work w a s  conducted a t  t h e  Bendix Research 
Labora tor ies  i n  t h e  Energy Conversion and Dynamic Controls Laboratory, 
managed by M r .  L. B. Taplin.  The p r o j e c t  w a s  d i r e c t e d  by M r .  K. W. Verge, 
Department Head, F l i g h t  Controls Department, wi th  M r .  M. H. Cardon, P ro jec t  
Engineer, assigned as servomotor des ign  superv isor  and M r .  G. I. Boyadjieff ,  
P ro jec t  Engineer, assigned as a c t u a t o r  superv isor .  
i x  
-1 
- 4  
i_ 1 
SECTION 1 
INTRODUCTION AND SUMMARY 
This r epor t  summarizes t h e  r e s u l t s  of a development program t o  up- 
grade the  performance of t h e  Bendix 5-2 pneumatic ac tua tor .  
of t h e  5-2 a c t u a t o r  program w a s  concerned wi th  rep lac ing  t h e  e x i s t i n g  
vane servomotor wi th  a gear  servomotor. 
As t r ion ics  Division, Nat ional  Aeronautics and Space Administration, Marshall 
Space F l i g h t  Center, Huntsv i l le ,  Alabama under Contract No. NAS 8-5407, 
Modification No. 10, Phase I. 
Figure 1-1. Figure 1-2 shows t h e  servomotor i n s t a l l e d  on t h e  5-2 ac tua tor .  
The servomotor w a s  designed t o  m e e t  t h e  requirements of NASA Spec i f i ca t ion  
50M35026, e n t i t l e d  "Pneumatic Actuator,  Thrust Vector Control System, 
Design Spec i f i ca t ion  For." 
The b a s i c  design of t h e  gear servomotor i s  a three-gear symmetrical 
motor ported so t h a t  supply and exhaust pressures  can b e  a l t e r n a t e d  by 
the servovalve t o  obta in  equal performance c h a r a c t e r i s t i c s  i n  both direc- 
t i o n s  of ro t a t ion .  The developed s t a l l  torque is 300 lb-in a t  800 ps ig  
supply pressure  t o  t h e  servovalve and t h e  peak horsepower is  13.5 hp 
with a torque e f f i c i e n c y  of 85%. 
gimbal a c t u a t o r  c h a r a c t e r i s  tics l i s t e d  below: 
This phase 
This program w a s  sponsored by t h e  F l i g h t  Control Development Branch, 
The new gear  servomotor, toge ther  wi th  t h e  servovalve, is  shown i n  
These performance values r e s u l t  i n  t h e  
Force output 42,000 l b  
Force a t  1.65 i n / s e c  23,200 lb 
S l e w  Speed 3.3 i n / s e c  
Frequency response -3 db @ >10 CPS 
The frequency response performance represents  a s i g n i f i c a n t  improve- 
The purpose of t h e  program has been accomplished with the  demon- 
ment over t h e  e x i s t i n g  vane type servomotor response of -3 db at 3 cps. 
s t r a t i o n  of t h e  performance of t h e  pneumatic gear servomotor. 
1-1 
1-2 
Figure 1-1 - Pneumatic Gear Type Servomotor and Servovalve 
(Viewed from Servovalve End) 
Figure 1-2 - 52 Engine Pneumatic Gimbal Actuator 
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C h a r a c t e r i s t i c  
SECTION 2 
SERVOMOTOR DEVELOPMENT 
Nitrogen Hydrogen 
40'F 40'F Units  
Presented i n  t h i s  s ec t ion  are the  r e s u l t s  of t h e  development of a 
gear  type servomotor t o  mate with the  NV-B1 gimbal ac tua tor .  
motor i s  descr ibed,  and t h e  ana lys i s  conducted t o  e s t a b l i s h  performance 
requirements and motor design d e t a i l s  is presented. 
r e s u l t s  are a l s o  presented. 
The servo- 
Servomotor test 
Maximum Torque 
Torque S e n s i t i v i t y  
Speed S e n s i t i v i t y  
Ho rsep owe r 
2.1 DESCRIPTION 
The gear  type servomotor cons i s t s  of a Bendix Research Laborator ies  
servovalve Model No. 3812 and a three-gear pneumatic motor. 
t o  opera te  with hydrogen as the  supply gas at a pressure  of 800 p s i g  and 
through a temperature range of 150'F t o  -250'F. Photographs of t he  servo- 
motor without i ts cover are shown i n  Figure 2-1. Performance character-  
istics of t he  servomotor are summarized i n  Table 2-1. Some of t he  da t a  
presented is f o r  n i t rogen  supply gas because a s u b s t a n t i a l  amount of the  
development was  conducted using t h i s  gas. 
It  i s  designed 
lb- in  298-288 29 7-29 5 
l b  - i n  / amp 37,500 34,500 
375,000 1,060,000 
4.8 13.5 
r p m / a m p  
Table 2-1 - Servomotor Performance Charac t e r i s t i c s  i 
Hysteres i s  - 
at  Zero Torque 
Hys teres i s  - 
Free Running 
a t  Zero Speed 
Output Sha f t  Locked ma  0.5 1.0 
m a  0.25 0.25 
l b  /hp -h r S p e c i f i c  G a s  Consump t i o n  184 15 
Torque Eff ic iency  
Natural  Frequency 
% 84 85 
- CPS 28 
2-1 
Figure 2-1 - Pneumatic Gear Type Servomotor and Servovalve 
(Viewed from Output Shaf t  End) 
2-2 
2.1.1 Servovalve Model 3812 
The Model 3812 servovalve is  a two-stage electropneumatic  
It i s  the  same valve t h a t  w a s  used wi th  t h e  vane four-way spool  valve. 
type servomotor wi th  t h e  except ion t h a t  t he  spool  has been replaced wi th  
one t h a t ,  when mated with t h e  va lve  body, has a zero l a p  on both t h e  
supply land and exhaust land; as a r e s u l t ,  t h e  supply and exhaust m e t e r -  
i ng  areas are equal. The servovalve i s  ac tua ted  by a 250-milliwatt s ig -  
n a l  appl ied  t o  a dry-coil-type torque motor. 
s i g n a l  d i sp laces  t h e  0.625-inch diameter spoo l20 .015  inch, i n  a d i r e c t i o n  
dependent upon appl ied  cu r ren t  p o l a r i t y .  
metering areas are 0.0186 in2. The valve body and spool  material is 
440C s t a i n l e s s  steel wi th  a black oxidized s u r f a c e  p e r  MIL-O-l3924A, 
Class 2. The va lve  is shown i n  Figures 2-2 and 2-3. 
The torque motor is  of t he  permanent magnet type and is 
suppl ied  by Midwestern Instruments,  Incorporated,  as Model 39-4 and by 
Servot ronics ,  Incorporated,  as Model 29-2-32. The c o i l  r e s i s t a n c e  of 
the torque motors i s  100 ohms. 
A 250-milliampere cu r ren t  
The spool  supply and exhaust 
2.1.2 Gear Motor Desipn 
The three-gear pneumatic motor, of which a s e c t i o n  view i s  
shown i n  Figure 2-4, has a t h e o r e t i c a l  displacement of 3.16 in3 / rev .  
The motor is  face-mounted on t h e  a c t u a t o r  so  t h a t  t h e  inpu t  p in ion  gear 
of t h e  a c t u a t o r ' s  p lane tary  transmission is  assembled d i r e c t l y  onto the  
output s h a f t  of t he  motor. A l l  exhaust gas is por ted  through the f r o n t  
mounting f a c e ,  and a seal i n  t h i s  face prevents leakage of t h e  exhaust 
gas t o  t h e  atmosphere. 
A cover i s  placed over t h e  motor t o  capture  leakage gas 
from t h e  motor and d i r e c t  i t  through the  mounting face.  The cover i s  
provided with an expansion j o i n t  t o  allow f o r  d i f f e r i n g  expansions when 
extreme temperature changes take  p lace .  A manifold p l a t e ,  which contains 
the supply i n l e t  p o r t ,  i s  mounted on t h e  rear f ace  of t he  motor, and the  
servovalve i s  mounted on t h i s  p l a t e .  
The output  gear of t he  motor i s  s l i g h t l y  l a r g e r  than the  
two p in ion  gears ,  having 15 t e e t h  as compared wi th  1 2  f o r  t he  pinions.  
The gears  are supported r a d i a l l y  by r a d i a l  contac t  b a l l  bear ings  and are 
he ld  a x i a l l y  by carbon s i d e  p l a t e s  t h a t  form a s e a l i n g  su r face  wi th  t h e  
s i d e s  of the  gears.  
the following subsections.  
A more d e t a i l e d  desc r ip t ion  of the motor i s  presented  i n  
2- 3 
Figure 2-2 - Bendix Servovalve Model 3812 Servovalve 
Figure 2-3 - V i e w  of Servovalve Showing Por t s  
2-4 
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Figure 2-4 - Sect ion V i e w  of Gear Motor 
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2.1 .2 .1  Motor Gears 
The t h r e e  motor gears  (output gea r  and two pinions) 
have the  following dimensions: 
Diametral P i t c h  10 
Pressure  Angle 30 degrees 
Addendum 0.100 inch  
Dedendum 0.125 inch  
Face Width 1.560 inches 
P i t c h  D i a m e t e r  
Output Gear 1.500 inches 
Pinion 1.200 inches 
Number of Teeth 
Output Gear 15 
Pinion 1 2  
The gears are made of 440C s t a i n l e s s  steel  and hardened t o  Rockwell "C" 
50-55. The gear t e e t h  f aces  are coated 0.0002-inch t o  0.0005-inch th i ck  
wi th  a p ropr i e t a ry  dry-film l u b r i c a n t ,  Magnaplate Hi-T-LUB. 
2.1.2.2 Bearings 
The r a d i a l  loads are c a r r i e d  by b a l l  bearings.  
These bearings are of t h e  s p l i t  race type, made of 440C s t a i n l e s s  steel, 
and have a s e p a r a t o r  made of Dupont SP-3. 
carbon-graphite end p l a t e s  t h a t  are bonded t o  the f r o n t  and rear end 
p l a t e s .  The bear ing  su r face  between t h e  gear  and carbon a l s o  forms a 
dynamic seal. The carbon-graphite material i s  manufactured by t h e  Pure 
Carbon Company and is designated as Purebon P-5-N. The carbon g raph i t e  
w a s  bonded t o  the  s t a i n l e s s - s t e e l  end p l a t e s  using a th ixo t rop ic  epoxide 
adhesive. This adhesive i s  made by Emerson SI Cuming, Incorporated,  and 
i s  s o l d  under t h e  t r a d e  name Eccobond 285. Thei r  c a t a l y s t  24LV w a s  used 
i n  t h e  bonding process.  The r e s u l t s  of tests of shea r  s t r e n g t h  a t  cryogenic 
temperatures and t h e  e f f e c t s  of immersing samples i n  l i q u i d  n i t rogen  are 
presented i n  Appendix A. 
The a x i a l  loads on the  gears  are c a r r i e d  by the  
2.1.2.3 Manifolding 
The servovalve i n t e r f a c e  is  on the  manifold p l a t e  
t h a t  i s  mounted t o  the  rear f a c e  of t h e  motor. The supply gas i s  brought 
i n  through t h i s  manifold p l a t e  t o  t h e  servovalve. 
supply manifold, load  p o r t  (PI and P2) manifold and exhaust  manifold from 
t h e  servovalve are i l l u s t r a t e d  i n  Figure 2-5. 
is the  l o c a t i o n  of the exhaust ho les  i n  t h e  f r o n t  end p l a t e s  through which 
t h e  leakage flow of t h e  motor i s  d i rec ted .  Figure 2-6 shows how the  exhaust 
flow from t h e  servovalve and from cross-porting i s  manifolded. 
The valve i n t e r f a c e ,  
Also shown i n  t h i s  f i g u r e  
2-6 
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2.1.2.4 Pressure  Balancing 
The motor gears  are h e l d  a x i a l l y  by carbon p l a t e s  
which are bonded t o  the  f r o n t  and rear end plates. Since t h e  motor gears 
r o t a t e  a t  a comparatively high speed, loads on the  carbon p l a t e s  must b e  
kept  low i n  o rde r  t h a t  s a t i s f a c t o r y  l i f e  c h a r a c t e r i s t i c s  can b e  achieved. 
A major source of a x i a l  loads i s  t h e  p re s su re  d i f f e r e n t i a l s  e x i s t i n g  
across  t h e  s i d e s  of t h e  gears.  To keep these  loads  t o  a minimum, t h e  
s e a l i n g  su r faces  on both s i d e s  of t h e  gear  are made exac t ly  a l i k e  ( s e e  
Figure 2-7), and t h e  gas leaking p a s t  t h e  gears is  por ted  t o  exhaust 
through adequately s i z e d  passages. 
2.1.2.5 Cross-Porting 
To inc rease  t h e  maximum horsepower and speed of 
a motor-valve combination, t he  motor i s  cross-ported. To cross-port  a 
motor, an o r i f i c e  t o  exhaust i s  placed a t  some po in t  between the  load 
p o r t s ,  PI and P2, and on a su r face  enc los ing  a r o t a t i n g  member car ry ing  
t h e  flow being d isp laced  from the  load  p o r t  t h a t  i s  under pressure  t o  the  
load p o r t  t h a t  is  open t o  exhaust. 
t he  output gear.)  While t h e  motor is  running, t h e  o r i f i c e  exhausts a 
po r t ion  of t h e  gas (depending upon o r i f i c e  s i z e )  being c a r r i e d  between t h e  
load p o r t s ,  PI and P2, thus reducing t h e  amount of gas t h a t  must b e  
exhausted through t h e  sewova lve  exhaust o r i f i c e .  This reduct ion  i n  flow 
reduces t h e  p re s su re  of t h e  load p o r t  being exhausted, i nc reas ing  t h e  
d i f f e r e n t i a l  p re s su re  generated a t  a given speed, thus inc reas ing  output 
horsepower. A s  a r e s u l t  of t he  po r t ing ,  t he  load  p o r t  p ressures ,  P i  and 
P2, equa l i ze  at  a h igher  speed, i nc reas ing  the  maximum speed of t h e  motor. 
The cross-porting o r i f i c e  i s  s i z e d  t o  g ive  t h e  des i r ed  torque-speed 
c h a r a c t e r i s t i c s .  Figure 2-8 i l l u s t r a t e s  how t h e  gear motor i s  cross- 
ported.  I n  t h e  c r o s s - p o r t h g  of t h i s  motor, o r i f i c e s  are removable and 
placed on oppos i te  s i d e s  of t he  output  gear. 
maybeexperimental ly  s i z e d  t o  g ive  des i r ed  performance c h a r a c t e r i s t i c s .  
( I n  t h i s  case t h e  r o t a t i n g  member is  
Being removable, t he  o r i f i c e  
2.1.2.6 Material 
The motor i s  cons t ruc ted  p r i n c i p a l l y  from Martin- 
s i t i c  and F e r r i t i c  (400 s e r i e s )  s t a i n l e s s  steels. The gears ,  as mentioned 
before ,  are made from 440C and hardened t o  Rockwell "C" 50-55. The body, 
end p l a t e s ,  and manifold are made from 416 s t a i n l e s s  steel and hardened 
t o  Rockwell "C" 38-41.  I n  t h e  annealed condition, t h i s  steel c o n s i s t s  of 
f e r r i t e  and carb ides .  I n  the  hardened condi t ion ,  t h e  s t r u c t u r e  i s  Martin- 
s i t i c .  Su l fu r  has  been added t o  t h i s  steel t o  i m p a r t  free-machining 
p rope r t i e s .  
from half-hard SAE 70 b ras s  shee t  and 416 s t a i n l e s s  steel. The f l ange  
containing holes  f o r  t h e  mounting screws i s  made of 416 s t a i n l e s s  steel. 
The cover is of a s i lver -brazed  cons t ruc t ion  and i s  made 
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Figure 2-7 - Pressure  Balancing and Exhausting of 
Leakage Flow P a s t  Sides  of Gears 
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P-4439 
Figure 2-8 - Cross-Porting Between Load Port Pressures PI and P2 
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2.2 ANALYSIS 
gear-type servomotor are presented  i n  t h i s  s ec t ion .  
ana lys i s ,  servomotor performance requirements are defined and t h e o r e t i c a l  
motor displacement and performance c h a r a c t e r i s t i c s  are es t ab l i shed .  
t he  design a n a l y s i s ,  bear ing loads,  gear  too th  stresses, and s h a f t  bending 
and t o r s i o n a l  stresses are determined. 
The performance and design a n a l y s i s  a s soc ia t ed  wi th  t h e  developmental 
I n  t h e  performance 
I n  
2.2.1 Performance 
The NV-B1 gimbal a c t u a t o r  performance requirements are 
l i s t e d  i n  Table 2-2 alongside t h e  servomotor requirements (which are 
defined from t h e  a c t u a t o r  requirements). The motor displacement and 
design were e s t a b l i s h e d  from these  requirements. 
formance c h a r a c t e r i s t i c s  of t h e  servomotor are presented i n  t h e  las t  
column of Table 2-2. 
The t h e o r e t i c a l  per-  
2 .2 .1 .1  Torque-Speed Requirements 
The torque-speed requirements of t he  motor are 
e s t ab l i shed  from t h e  s t a l l  torque, maximum speed, frequency response, 
and r a t e d  load-speed requirements of t h e  ac tua to r .  
The a c t u a t o r  s t a l l  torque, maximum speed, and 
r a t e d  load-speed requirements are converted t o  motor torque-speed require- 
ments by using t h e  t ransmission and b a l l  screw r a t i o  of 2 2 1  rad ians  pe r  
inch  and an e f f i c i e n c y  of 72%. These requirements are shown g raph ica l ly  
i n  Figure 2-9. Torque-speed requirements t o  m e e t  frequency response are 
es t ab l i shed  as follows. 
Required motor torque as a func t ion  of acce lera-  
t i o n  i s  given by the  equation: 
where 
= torque output  of motor (lb-in) 
= angular acce le ra t ion  of motor ( r ad / sec  ) 
= motor and p lane tary  input  gear i n e r t i a  
Tm 
M, m 
J m 
J1 = b a l l  nu t  and p lane tary  output i n e r t i a  r e f l e c t e d  
2 
= 0.00304 lb-in-sec2 
t o  t h e  motor = 0.0007 lb-in-sec2 
i 
I 
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J 
Actuator 
Specification 
42,000 lb 
23,200 lb at 1.66"inlsec 
3.45 inlsec 
I 
b 
Servomotor 
Requirement 
264 lb-in 
145 lb-in at  3500 rpm 
7000 rpm 
' 3  
f 
t %d 
Table 2-2 - Actuator Performance Specifications, Servomotor 
Requirements and Theoretical Gear Motor Performance 
Performance 
Character le tics 
Maximum Stall Force 
Rated Load-Speed 
Maximum No-Load Speed 
Acceleration 
Closed-Loop Frequency Response 
(7300-lb friction 
Input signal 3.05 in. 
116.5 lb-sec21in inertia) 
Supply Gas 
0 
- z 21 inIsec2 
e 59.5 in/sec2 
8 cps 
> 4640 rad/sec2 
< 13,100 rad/se@ I -  _____ 
Hydrogen 
Pressure: 800 T;:o psi ----- 
Theoretical Gear Motor 
Performance 
264 lb-in at 800 psi 
200 lb-in at 3500 rpm 
13,500 rpm at -250'P 
21,200 rpm at 60-F 
Maximrim actuator speed to be limited 
by actuetion system compensation. 
32,600 radlsecz at 850 psi 
31,600 radlsed at 800 psi 
I I 
MOTOR OISF! 3.20 IN3 
+ 0 0 5 1 N P B C P S  VALVE ORIFICE 0.0294 IN2 
ACTUb * 
% 
> 
TEN. 
OR TORQUE 
+s s 
IUIREMENTS 
I 
WITHOUT LOOP 
4 5 6 7 
R.P.M. x 
Figure 2-9 - Predicted Servomotor Performance 
i 
i 
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J = load i n e r t i a  r e f l e c t e d  t o  the  
motor = 0.00239 l b - i n - s e d  
TL = f r i c t i o n a l  load  a t  motor = 33 lb-in 
el = e f f i c i e n c y  of transmission = 0.90 
e = e f f i c i e n c y  of b a l l  screw = 0.80 2 
= 7.14 x am + 46 (lb-in) (2) Tm 
Motor acce le ra t ion  when responding s inuso ida l ly  i s  given by t h e  expression 
2 a = -Aw s i n  u t  (3) 
where 
2 a = motor acce le ra t ion  ( r ad / sec  ) 
A = amplitude of motion (rad) 
u = frequency (rad/sec)  
t = t i m e  (sec)  
For 8 cps response and a 0.05-inch a c t u a t o r  
amplitude, 
2 a = -0.05 x 221  ( 2 ~ 8 )  sin u t  
a = -27,800 s i n  u t  ( 4 )  
For 8 cps response and a 0.035-inch (-3 db attenu- 
a t ion )  amplitude, 
a = -19,500 s i n  u t  (5) 
By s u b s t i t u t i n g  equations (4) and (5) i n t o  (2), motor torque as a func t ion  
of u t  can be e s t a b l i s h e d  f o r  output amplitudes of 0.05 and 0.035 inch. 
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The motor's angular v e l o c i t y ,  as a func t ion  of 
u t ,  i s  ca l cu la t ed  from the  equation 
8 = Au cos u t  
where 
8 = angular v e l o c i t y  of t h e  motor ( rad/sec)  
" ,  
For 8 cps response and a 0.05-inch amplitude, 
8 = 556 cos u t  ( 7) 
For 8 cps response and a 0.035-inch amplitude, - 1  
8 = 389 cos u t  (8) 7 'a 
Values of torque as a func t ion  of u t ,  and corresponding v e l o c i t i e s ,  are 
ca l cu la t ed  from the  preceding equat ion f o r  amplitudes of 0.05 and 0.035 
inch. The r e s u l t i n g  curves are shown i n  Figure 2-9. 
is  t o  m e e t  8-cps bandwidth without any a t t enua t ion  of i t s  output motion, 
the motor must exceed t h e  s p e c i f i e d  r a t e d  load-speed c h a r a c t e r i s t i c s .  
Also, t h e  motor acce le ra t ion  requirements are 27,800 rad/sec2 f o r  an 
output amplitude of 0.05 inch a t  8 cps and 19,500 rad/sec2 f o r  an output 
amplitude of 0.035 inch. 
i n  t h e  a c t u a t o r  s p e c i f i c a t i o n ,  are 2 1  in / sec2  minimum t o  59.5 in / sec2  
maximum. 
and 13,100 rad /sec2 ,  respec t ive ly .  
s i s t e n t  wi th  the  s p e c i f i e d  response c h a r a c t e r i s t i c s .  
It can be seen i n  Figure 2-9 t h a t ,  i f  t he  ac tua to r  
The l i m i t s  of load  a c c e l e r a t i o n ,  as s p e c i f i e d  
These values convert t o  motor acce le ra t ions  of 4640 rad/sec2 
These s p e c i f i e d  va lues  are no t  con- 
2.2.1.2 Motor Displacement 
Having e s t ab l i shed  t h e  required torque-speed 
c h a r a c t e r i s t i c s ,  t h e  next  s t e p  i s  t o  de f ine  t h e  motor displacement. 
displacement p e r  revolu t ion  of t h e  motor (D,) as a func t ion  of motor 
torque (T,) is  given by the  following expression: 
The 
2.rr Tm 
- 
Dm p1 - p2 
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Previous experience wi th  pneumatic a c t u a t o r  
systems has shown t h a t  ( P i  - P2) at s t a l l  condi t ions  i s  a func t ion  of the 
supply pressure ,  t h e  r a t i o  of e f f e c t i v e  leakage area t o  valve o r i f i c e  
area, and t h e  exhaust po r t ing .  I f  t h e  leakage area i s  assumed p ropor t iona l  
t o  t h e  motor displacement, (P1 - P2) can b e  es t imated  f o r  a given valve 
and gear motor combination by comparing the  r a t i o s  of motor displacement 
t o  the  comparable va lve  opening (h). 
servomotors is given i n  Table 2-3 below. 
0.65 w a s  s e l e c t e d  f o r  determining t h e  displacement of t h e  motor i n  t h i s  
case. 
A comparison of two gear-type 
A r a t i o  of (P1 - P2)/Ps of 
*” 
Table 2-3 - Displacement/Area Ratio and Pressure  Ratio Comparison 
1 The displacement of t he  motor i s  s i z e d  t o  m e e t  the  maximum a c t u a t o r  s t a l l  f o r c e ,  (Fa). 
Fa 42,000 - -= 
Tm R x T-I 221  x 0.72 
= 265 lb- in  (10) 
where 
R = transmission r a t i o  ( r ad / in )  
T-I = transmission e f f i c i e n c y  (assume 
Thus, from equation ( 9 ) ,  
72%) .i 
2n x 265 2n Tm - 
(0.65) (800) D =  m P1 - P2 
3 = 3.2 i n  /rev.  
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2.2.1.. 3 No-Load Speed 
The maximum speed of t h e  motor is  ca lcu la ted  
from t h e  following re la t ionship :  
Qm Mm = D 
m 
where 
N 
Qm = volume flow through motor ( in3/sec)  
= maximum motor speed (rpm) m 
It  i s  assumed t h a t  t h e  motor i s  i d e a l  and t h a t  
the  motor p o r t  p ressure  i s  one-half t h e  supply pressure  (400 p s i ) .  
motor p o r t  p ressure  assumption i s  made on t h e  b a s i s  of previous motor 
test r e s u l t s .  I n  a f a i r l y  t i g h t  motor, it is ac tua l ly  set by t h e  amount 
of cross-porting i n  t h e  motor. 
The weight flow through t h e  valve i s  ca lcu la ted  
from t h e  expression f o r  gas weight flow out  of an upstream region based 
upon upstream condi t ions : 
The 
(See Sect ion 2.1.2.5.) 
il (?)I 
where 
W = gas flow ( lb/sec)  
Cd = o r i f i c e  discharge c o e f f i c i e n t  = 0.8 
A = o r i f i c e  area ( i n  ) = 0.0294 
C2 = gas c o e f f i c i e n t  (hydrogen) = 0.1393 
P = supply pressure  ( p s i )  = 800 
Pd = motor p o r t  p ressure  ( p s i )  = 400 
T = gas temperature = 210'R 
2 
0 
U 
U 
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fl - (t) = fl (s) 800 = 1 (assume s o n i c  flow) 
W = 0.8 x 0.0294 x- 'O0 x 0.1393 x 1 6
= 0.181 l b / s e c  
from: 
The gas volume flow through t h e  valve is  ca lcu la ted  
where 
3 = volume flow based on upstream condi t ions ( i n  /sed 
QU 
R = gas constant (hydrogen) = 9270 
= 0.8 x 0.0294 x 9270 x 0.1393 x 1 
Q U  
= 442 in3/,,, 
Af te r  passing through t h e  servovalve,  t h e  gas 
expands ad iaba t i ca l ly  before  flowing through t h e  motor. 
= QU 
Q, (!$ 
where k is  t h e  r a t i o  of s p e c i f i c  hea t s  of hydrogen and equal t o  1.41. 
3 
. * .  Q, = 724 i n  /sec 
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The motor no-load speed with a supply gas temperature of -250'F from 
equat ion (11) is 
13,500 rpm sec 
3 724 i n  /sec 6o . - 
3 m n  3 . 2  i n  /rev 
N (-250'F) m 
No-load speed wi th  a supply gas temperature of 60'F is 
N m (60'F) = 13,500 x E =  21,200 rpm 
2.2.2 Design 
I n  t h e  preceding text ,  i t  w a s  e s t a b l i s h e d  t h a t  a motor w i th  
displacement of 3.2 in3 / r ev  w a s  requi red  t o  d r i v e  t h e  ac tua to r .  
equat ion f o r  motor displacement i n  the  terms of var ious  design parameters 
i s  der ived i n  Appendix B and given below: 
An 
Dm = 2.rr R [(r: - R:) + $ (r2' - RZ2) ]  
where 
R = l ength  of t he  gears  ( inch)  
1 r = o u t e r  rad ius  of output  gear  (inch) 
R1 = p i t c h  rad ius  of output  gea r  (inch) 
r = ou te r  rad ius  of p in ion  gear  (inch) 
R2 = p i t c h  rad ius  of p in ion  gear  ( inch)  
2 
r1 = R1 + a 
and 
r = R 2 + a  2 
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c 
where 
a = addendum of t h e  gear too th  
For a f ull-dep t h  too th  , 
1 a=-- -  
pD 
where 
D = diamet ra l  p i t c h  of t he  gear 
S u b s t i t u t i n g  equations (16) and (17) i n t o  (151, 
S u b s t i t u t i n g  equation (18) i n t o  (19) 
Equation (20) expresses motor displacement i n  terms of d iamet ra l  p i t c h ,  
length,  and t h e  p i t c h  r a d i i  of p in ion  gear and output gear.  
c o n s t r a i n t s  t h a t  must be  considered i n  a r r i v i n g  a t  values f o r  t hese  
parameters. The c o n s t r a i n t s  are t h e  requi red  package s i ze ,  maintaining 
a reasonable gear length-to-diameter r a t i o ,  achieving a low motor i n e r t i a ;  
i n  add i t ion ,  i n  order  t o  keep t h e  p in ion  gear  r o t a t i o n a l  v e l o c i t y  a t  a 
p r a c t i c a l  va lue ,  t h e  r a t i o  of t he  p i t c h  rad ius  of t he  output gear t o  the  
rad ius  of t h e  p in ion  gear  must be kep t  low. The f i n a l  s e l e c t e d  values 
f o r  parameters of equat ion (20) and t h e  motor displacement are: 
There are 
P = 10 
R1 = 0.750 inch  
R2 = 0.5625 inch 
R = 1.560 inches 
= 3.16 in3 / r ev  Dm 
f 
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2.2.2.1 Bearing Loads and Stresses 
The only moving p a r t s  of t h e  gear motor are t h e  
gears and they are supported a x i a l l y  by carbon plates and r a d i a l l y  by 
b a l l  bearings.  A s  a r e s u l t  of p re s su re  balancing, t h e  a x i a l  loads on 
a l l  of t he  gears  and the  r a d i a l  loads on the output gea r  are very low 
and are no t  considered i n  t h i s  ana lys i s .  
gears are due t o  t h e  load p res su res ,  P1 and P2, a c t i n g  on t h e  pro jec ted  
area of t h e  p in ion  gear.  The r a d i a l  load  on each of t he  two bear ings  
supporting t h e  p in ion  gear  i s  given by the  expression: 
The r a d i a l  loads on t h e  p in ion  
where 
FB = r a d i a l  bear ing  load  ( l b )  
% = pro jec t ed  area of t he  p in ion  gear ( in . )  
P1 and P2 = load  p o r t  p ressures  ( p s i )  
The mean compressive stress i n  the  b a l l s  of a 
bear ing  is determined from the equation: 
S = 15,079 m 
where 
Ral and Ra2 = p r i n c i p l e  r a d i i  of curva ture  of b a l l  ( i n . )  
%1 and %2 = p r i n c i p l e  r a d i i  of curva ture  of i nne r  race ( in . )  
Po = normal load ( l b )  
1-1 and v = h e r t z  f a c t o r s  
P is es t ab l i shed  from the equation 
0 
- FB 
’ 0  - 4*37 number of b a l l s  i n  bear ing  
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A s p l i t - r a c e  b a l l  bear ing w a s  s e l e c t e d  f o r  use  i n  
t h i s  app l i ca t ion  because a g r e a t e r  number of b a l l s  can b e  used, increas ing  
t h e  load  car ry ing  capac i ty  of a bear ing  of given i n n e r  and o u t e r  diameter. 
The b a l l s  and races of t h e  bear ing  are made of 440C stainless steel. 
sepa ra to r  i s  made of Dupont SP-3 and provides t h e  necessary bear ing  
l u b r i c a t i o n  
The 
For t h e  bear ing  s i z e  se l ec t ed ,  t h e  mean compressive 
stress i s  equal  t o :  
113 S = 54,400 Po m (24) 
I n  Table 2-4, bear ing  loads and mean compressive 
stresses f o r  var ious  motor speeds are presented.  The bear ing  loads are 
derived from the  torque curve of t h e  motor. 
Table 2-4 - Bearing Loads and S t r e s s e s  f o r  Various Motor Speeds 1 
Bearing Mean 
Compressive S t r e s s  
3750 
4400 
15 3 
15 3 
221,000 
281,000 
8750 110 26 7 , 000 1 I 
Bearing loads and speeds are i n  l i n e  with bear ing  
p r a c t i c e  f o r  t h e  bear ing  material, l u b r i c a n t  and environment of t h i s  
app l i ca t ion .  Bearings of t he  type descr ibed have operated success fu l ly  
under the  s p e c i f i e d  condtions i n  t h e  NV-B1 ac tua to r  t ransmission.  
2.2.2.2 Gear Tooth S t r e s s  Analysis 
The gear  t oo th  s i z e  and face width w e r e  s e l e c t e d  
t o  achieve the  des i r ed  motor displacement and, as a r e s u l t ,  t h e  gear  t e e t h  
are r e l a t i v e l y  l a r g e  i n  comparison wi th  t h e  loads they must car ry .  Gear 
too th  beam stresses and contac t  stresses are low. The low contac t  stress 
should y i e l d  good w e a r  c h a r a c t e r i s t i c s .  
using t h e  L e w i s  equation: 
The maximum tooth  beam stress is ca l cu la t ed  by 
SB R Y - 
FT - P 
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where 
FT = t a n g e n t i a l  too th  load ( l b )  
SB = maximum tooth  bending stress (ps i )  
R = too th  face width = 1.56 i n .  
Y = t oo th  form f a c t o r  = 0.349 
P = diamet ra l  p i t c h  = 10 
The maximum tooth  load  i s  ca l cu la t ed  from the  
following: 
m = -  
ET 2 Ro 
where 
T = motor output  torque = 265 lb- in  
Ro = major rad ius  of output  gear  = 0.85 i n .  
m 
FT = 156 l b  
Subst i tut-ng i n t o  equat ion (25) and so lv ing  f o r  t h e  beam stress, 
156 P -- 
'B - R Y  
Subs t i t u t ing  t h e  proper  values  i n  equat ion (27):  
SB = 2860 p s i  
The too th  contac t  stress (S g ) i s  ca l cu la t ed  from 
the  following expression where t h e  gear  and p in ion  are of t h e  same material: 
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. 
where 
Fm = maximum contac t  f o r c e  = FT/cos I$ ( l b )  
E = Young's modulus = 29 x lo6  / ;psi> 
R and R2 = p i t c h  r a d i i  of gears  ( in . )  1 
4 = pres su re  angle  = 30 deg 
R = gear f a c e  wid.Eh ( in . )  
0.35 x 180 x 29 x 10 6 1  [e+=] 1 
2 x 1.56 
S = 60,450 p s i  . 
g 
The stresses ca lcu la t ed  above are w e l l  wi th in  
t h e  c a p a b i l i t i e s  of t he  material se l ec t ed .  
2.2.2.3 P in ion  Shaf t  Bending Stress 
The h ighes t  stress i n  t h e  p in ion  gears occurs i n  
t h e  s tub s h a f t s  ad jacent  t o  t h e  po r t ing  holes .  
is  sub jec t  t o  complete stress reve r sa l s  f o r  each revolu t ion  of t h e  p in ion  
gear. Using a stress concent ra t ion  f a c t o r  of two, t he  bending stress can 
be ca l cu la t ed  from the  following expression: 
It i s  a bending stress and 
s = -  2Mc 
I 
where 
M = maximum bending moment 
e = s h a f t  rad ius  
I = s h a f t  moment of i n e r t i a  
The stress i s  ca l cu la t ed  t o  be  14,000 p s i  and is  
considerably less than t h e  maximum allowable stress, when using 440C 
s t a i n l e s s  steel, f o r  an i n f i n i t e  endurance l i f e .  
'1 
3 
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2.2.2.4 Output Sha f t  Torsional S t rength  
The maximum t o r s i o n a l  shea r  stress i n  the  output 
s h a f t  i s  ca l cu la t ed  from t h e  following: 
Tm s = -  
S J 
where 
J = p o l a r  moment of i n e r t i a  
The loca t ions  of maximum stress are a t  the  beginning of t he  s p l i n e  and 
i n  t h e  s h a f t  where t h e  0.125-inch diameter po r t ing  holes are located.  
I n  t h e  s p l i n e ,  
s =  265 x 0.24 = 17,400 p s i  
32 ( 0 . 4 4 ~  - 0 . 1 2 5 ~ )  
I n  t h e  s h a f t ,  
= 11,900 p s i  265 x 0.312 s =  
S 2 * x 32 ( 0 . 6 2 5 ~  - 0 . 3 1 2 ~ )  
These stresses are a l s o  w e l l  below the  y i e l d  po in t  of t he  gear s h a f t  
material. 
2.3 SERVOMOTOR TESTS 
The i n i t i a l  servomotor tests were conducted using n i t rogen  gas a t  
s to rage  temperature. 
achieved using n i t rogen ,  servomotor performance w a s  e s t ab l i shed  using 
hydrogen gas a t  s to rage  temperature. 
motor performance a t  cryogenic temperature; however, problems encountered 
wi th  t h e  servovalve a t  cryogenic temperature made establishment of t h e  
servomotor performance a t  lower temperatures impossible. T e s t  r e s u l t s  
i n d i c a t e  t h a t  t he  des i r ed  motor performance c h a r a c t e r i s t i c s  w e r e  achieved. 
I n  Figure 2-10 the  a c t u a l  torque-speed c h a r a c t e r i s t i c s  of t h e  servomotor 
are shown wi th  t h e  t h e o r e t i c a l  and required c h a r a c t e r i s  tics. 
r e s u l t s  of t h e  tests are presented. 
Af te r  des i red  performance c h a r a c t e r i s t i c s  w e r e  
The i n i t i a l  p l an  w a s  t o  e s t a b l i s h  
I n  t h e  following, t h e  servomotor test se tup  is  described and the  
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Figure 2-10 - Servomotor Torque-Speed Performance 
and Requirements 
U 
Figure 2-11 - Servomotor T e s t  Setup 
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2.3.1 Servomotor T e s t  Setup 
I 
A schematic of t h e  test se tup  used t o  eva lua te  t h e  per- 
formance of t h e  gea r  type servomotor is  shown i n  Figure 2-11. 
valve of t he  servoac tua tor  is ac tua ted  manually through t h e  servoamplif ier 
and ac tua ted  e l e c t r o n i c a l l y  by a func t ion  generator.  
generator,  t h e  frequency and amplitude of t he  inpu t  s i g n a l  may b e  va r i ed  
and can be  set t o  have a square,  s inuso ida l ,  o r  t r i a n g u l a r  wave shape. 
The supply flow, load  p o r t  p ressures  (PI and P2), motor speed, and output 
torque are measured by electrical transducers.  
ducers are recorded e i t h e r  by an X-Y p l o t t e r  o r  by a s t r i p  cha r t  recorder.  
The motor load i s  a hydraul ic  pump. 
valve i n  t h e  output l i n e  of t h e  pump; l ead  d i r e c t i o n  is switched by a 
four-way valve. 
(no-load), t he  pump i s  decoupled from t h e  test setup. The output s h a f t  
of t he  torque t ransducer  i s  locked i n  p lace  when tak ing  s ta l l  torque data .  
The same test se tup  is  used during cryogenic tests of t he  
servomotor with the  exception t h a t  supply flow of gas is routed through a . 
h e a t  exchanger which cools t h e  supply gas. The servomotor i s  a l s o  wrapped 
i n  i n s u l a t i o n  during cryogenic tests. 
s e v e r a l  c o i l s  of tubing immersed i n  l i q u i d  n i t rogen .  
The servo- 
When using a func t ion  
The output of t h e  trans- 
The load i s  va r i ed  by a t h r o t t l i n g  
When conducting tests i n  which t h e  motor i s  f r e e  running 
The h e a t  exchanger c o n s i s t s  of 
7 
2.3.2 Motor Tests with Nitrogen 
i 
I n i t i a l  tests of t h e  servomotor were conducted using 
nitrogen. The servomotor performance w a s  e s t a b l i s h e d  f i r s t  i n  t h e  unported 
condition, and then t h e  e f f e c t e d  po r t ing  area on t h e  servomotor speed w a s  
es tab l i shed .  A por t ing  s i z e  w a s  s e l e c t e d  and t h e  servomotor performance 
with t h e  s e l e c t e d  po r t ing  area w a s  determined. A l l  tests wi th  n i t rogen  
were conducted wi th  gas a t  s to rage  temperature. The bear ings  used i n  
the motor, during t h i s  phase of t e s t i n g  and during room temperature tests 
using hydrogen, w e r e  s tandard ,  off-the-shelf bear ings  l u b r i c a t e d  with 
l i g h t  a i r c r a f t  grease. These bearings w e r e  used i n  t h i s  phase of t e s t i n g  
because of t h e i r  much lower c o s t  and s h o r t e r  de l ive ry  schedule. 
2.3.2.1 Unported Motor 
The motor as i n i t i a l l y  t e s t e d  d id  n o t  have cross- 
por t ing .  
running speed w e r e  determined as func t ions  of torque motor d i f f e r e n t i a l  
current .  Also determined 
f o r  a maximum torque motor d i f f e r e n t i a l  cu r ren t  were torque, d i f f e r e n t i a l  
p ressure  and gas consumption as func t ions  of speed. From t h i s  da t a ,  spe- 
c i f i c  f u e l  consumption and horsepower were ca lcu la ted .  The r e s u l t s  are 
p l o t t e d  i n  Figure 2-14. 
motor is  shown i n  Figure 2-15. 
I n  tests of t he  unported servomotor, s t a l l  torque and f r ee -  
The d a t a  are presented i n  Figures 2-12 and 2-13. 
The no-load frequency response of t h e  unported 
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Figure 2-14 - Performance of Unported Servomotor ( w i t h  Nitrogen) 
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Figure 2-15 - No-Load Frequency Response of Unported 
Servomotor (with Nitrogen) 
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2.3.2.2 Cross-Porting Area 
To inc rease  t h e  servomotor power and m a x i m u m  
speed, t he  motor i s  cross-ported. 
cross-porting o r i f i c e ,  i t s  area w a s  increased  incrementally from an area 
equal t o  t h e  maximum servovalve area t o  an area t h r e e  t i m e s  t he  maximum 
servovalve area. The motor speed w a s  determined a t  each increment and 
t h e  r e s u l t s  are shown i n  Figure 2-16. 
with t h e  cross-port  o r i f i c e  area equal t o  th ree  t i m e s  the  maximum valve 
area. 
subsequent tests. 
To determine t h e  proper area of t h e  
The des i r ed  motor speed w a s  achieved 
This o r i f i c e  s i z e  w a s  incorporated i n t o  t h e  motor and used i n  a l l  
2.3.2.3 Ported Motor 
p o r t  p re s su re  wi th  motor s t a l l e d  and f r e e  running, and gas consumption 
wi th  t h e  motor s t a l l e d  and f r e e  running w e r e  e s t ab l i shed  as func t ions  
of input  d i f f e r e n t i a l  cu r ren t  t o  t h e  torque motor. 
presented i n  Figures 2-17 through 2-21. 
load p o r t  p ressure ,  and gas consumption w e r e  e s t ab l i shed  as a func t ion  
of motor speed wi th  the  servovalve i n  the  f u l l y  open state. 
are presented i n  Figure 2-22. 
w e r e  ca l cu la t ed  from t h e  d a t a  and are a l s o  presented i n  Figure 2-22. 
I n  tests of the ported motor, s t a l l  torque, motor 
The da ta  are 
The motor torque, d i f f e r e n t i a l  
The d a t a  
i Horsepower and s p e c i f i c  f u e l  consumption 
The frequency response of t h i s  servomotor 
under no-load is  shown i n  Figure 2-23. 
2.3.3 Motor T e s t s  wi th Hydrogen 
I n  tests using hydrogen a t  i t s  s to rage  temperature, t he  
motor's s t a l l  torque, load p o r t  p ressure ,  s t a l l e d  gas consumption and 
motor speed w e r e  determined as func t ions  of servovalve input  current .  
It i s  poss ib l e  with hydrogen a t  i t s  s to rage  temperature of approximately 
40°F t o  achieve very high motor speed t h a t  would b e  damaging t o  motor 
bearings; t he re fo re ,  motor speeds w e r e  l imi t ed  t o  5000 r p m .  The test  
r e s u l t s  are shown i n  Figures 2-24 through 2-27. Torque-speed cha rac t e r i s -  
tics f o r  maximum servovalve opening w e r e  determined up to  4500 rpm. The 
r e s u l t s  of these  tests are shown i n  Figure 2-10. 
during the  room temperature tests w e r e  removed from the  motor before  
cryogenic t e s t i n g  and replaced with t h e  s p l i t  race bearings made of 440C 
s t a i n l e s s  steel and having a Dupont SP-3 s e p a r a t o r  t o  provide necessary 
bear ing  lub r i ca t ion .  T e s t s  of motor speed and s t a l l  torque as func t ions  
of servovalve cur ren t  w e r e  repeated a t  room temperature and found t o  be 
e s s e n t i a l l y  t h e  same as i n  t h e  previous tests. 
The off-the-shelf s p l i t  race bearings used i n  t h e  motor 
2- 30 I 
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Figure 2-16 - E f f e c t  of Cross-Port O r i f i c e  A r e a  on Servomotor Speed 
Figure 2-17 - S t a l l  Torque S e n s i t i v i t y  of Ported 
Servomotor ( w i t h  Nitrogen) 
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Figure 2-19 - Servomotor Por t  Pressure,  Free 
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In t h e  cryogenic t e p t s  of t he  motor, c o n t r o l  of t h e  motor 
was  l o s t  a t  temperatures below -150'F and it  w a s  not poss ib l e  t o  
e s t a b l i s h  motor performance a t  -250'F. 
c i a t e d  wi th  t h e  servovalve which, when s t roked  from i ts  midposition, 
would not return. 
and d i d  no t  show v i s i b l e  s igns  of excessive w e a r  even through motor 
speeds i n  excess of 7000 rpm w e r e  achieved during loss of control .  
The loss of c o n t r o l  w a s  asso- 
The motor always continued t o  run during these  tests 
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SECTION 3 
SYSTEM EVALUATION 
' 1  
1 
1 
Af t e r  q u a l i f i c a t i o n  t e s t i n g  of t h e  5-2 gear  motor a t  room and cryo- 
The NV-B1 Actuator,  
genic  temperatures,  t he  gear  motor-servovalve assembly w a s  mounted t o  
the  Pneumatic Gimbal Actuator f o r  system evaluat ion.  
S e r i a l  No. 1, b u i l t  during the  f i r s t  phase of t h e  program,was used f o r  
eva lua t ion  of the  gear  motor i n  t h e  load  s imula tor  test  f i x t u r e .  
Requirements 
The Pneumatic Gimbal Actuator must be capable of meeting the  follow- 
ing  requirements: 
System Bandwith a t  L0.050-in. Stroke 8 cps 
Phase Lag a t  1 cps 
Peak Amplitude Rat io  
Maximum Load 
Rated Load 
Made up o f :  
20 degrees 
1 .5  db 
42,000 pounds 
23,200 pounds 
F r i c t i o n  Load 7300 pounds 
I n e r t i a  Load 1400 s l u g s  
Rated Veloci ty  a t  23,200 Pounds 
Actuator S t i f f n e s s  - S t r u c t u r a l  600 000 l b / i n  
Rated Servo Current 40-50 m a  
Fluid Medium 
1.66 i n / s e c  
Room temperature Gaseous Nitrogen 800 p s i g  
-250'F Gaseous Hydrogen 800 p s i g  
3.1 TEST FIXTURE 
A walking beam simulator  f i x t u r e ,  used t o  eva lua te  t h e  NV-B1 actu- 
a t o r ,  provides t h s  i n e r t i a  load of  1400 s lugs  and a f r i c t i o n  load  of 
7300 pounds. ?he s t r u c t u r e  of t he  s imulator  f i x t u r e  w a s  designed t o  have 
a resonant frequency of 9.2 cps .  
rod end a t t ach ing  clevis. 
nec t ing  rod between t h e  walking beam and t h e  brake a r m .  For recording 
i n e r t i a  travel,  a r o t a r y  va r i ab le  d i f f e r e n t i a l  t ransducer  w a s  a t tached  
t o  the  beam support ing s h a f t .  
To record ac tua to r  output  fo rce ,  a s t r a i n  gage w a s  mounted on t h e  
A s i m i l a r  s t r a i n  gage w a s  mounted on t h e  con- 
The pos i t i on  i n d i c a t o r  s e c t i o n  of t h e  
3-1 
a c t u a t o r  feedback potent iometer  w a s  used t o  record a c t u a t o r  pos i t i on .  1 
F r i c t i o n  load  w a s  provided by regula ted  hydraul ic  p r e s s w e  t o  t h e  non- 
servo brake. 
t o  t h e  a c t u a t o r  on the  oppos i te  s i d e  of t h e  beam support ing s h a f t  t o  
provide t h e  r a t e d  load  of 23,200 pounds. 
a c t i n g  wi th  in te rconnec t ing  plumbing so  t h a t  a r e l i e f  va lve  s e t t i n g  would 
produce t h e  same r e s i s t i v e  load  i n  each d i r e c t i o n .  The cy l inde r  could 
a l s o  be connected t o  a hydraul ic  supply t o  load t h e  ac tua to r  i n  e i t h e r  
d i r e c t i o n  t o  ob ta in  a c t u a t o r  s t i f f n e s s .  
A hydrau l i c  load cy l inde r  w a s  s o l i d  mounted i n  an i d e n t i c a l  p o s i t i o n  
This  cy l inder  w a s  double- 
3 . 1 . 1  Load F ix tu re  Instrumentat ion 
The schematic of t h e  load f i x t u r e ,  i t s  as soc ia t ed  i n s t r u -  
mentation, and i t s  placement is shown i n  Figure 3-1. 
w a s  instrumented t o  provide load  i n e r t i a  p o s i t i o n ,  load f r i c t i o n  fo rce ,  
and a c t u a t o r  force .  
t h e  elongat ion of i t s  connecting rod wi th  a s t r a i n  gage and caz ib ra t ing  
t h i s  wi th  respec t  t o  t h e  f o r c e  generated a t  the  a c t u a t o r  a t t ach ing  poin t .  
The load i n e r t i a  p o s i t i o n  w a s  determined by measuring t h e  angular  d i s -  
placement of t h e  beam support  s h a f t  wi th  respec t  t o  the  beam support ing 
s t r u c t u r e  by means of a r o t a r y  p o s i t i o n  t ransducer .  The constant  f o r c e  
generated by t h e  hydraul ic  p i s t o n  w a s  measured a t  t h e  a c t v a t o r  a t t ach ing  
p o i n t  w i t h  a s t r a i n  gage-, 
f o r c e  s i g n a l s  were fed i n t o  a Sanborn carrier and ampl i f i e r  system and 
converted t o  dc s i g n a l s  f o r  recording purposes. 
The load f i x t u r e  
The load f r i c t i o n  f o r c e  w a s  determined by measuring 
The load f r i c t i o n  f o r c e ,  load i n e r t i a  pos i t i on ,  and a c t u a t o r  
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Figure 3-1 - Load F ix tu re  and Instrumentat ion Schematic 
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3 . 1 . 2  Pneumatic System 
The pneumatic system schematic f o r  both room temperature 
The room temperature tests employed n i t rogen  a t  a supply 
and low temperature testing i s  shown i n  Figure 3 - 2 .  
pressure  of 800 ps ig .  
hydrogen a t  a supply p re s su re  of 800 ps ig .  
of t h e  con t ro l  system servo  pressure ,  should an emergency arise, and t o  
f a c i l i t a t e  purging of t h e  c o n t r o l  system wi th  n i t rogen  p r i o r  t o  running 
with hydrogen, a p a i r  of solenoid valves w a s  i n s t a l l e d  upstream of t h e  
ac tua tor .  
ad jus t ab le  by means of a dome regula tor .  
p ressure  w a s  made ad jus t ab le  wi th  a loading valve.  
with a Cox OM-8 t u rb ine  flowmeter. 
temperature hydrogen gas through a l i q u i d  n i t rogen  cooled h e a t  exchanger. 
The temperature of t h e  gas w a s  con t ro l l ed  by r egu la t ing  t h e  l i q u i d  n i t r o -  
gen coverage of t h e  tub ing  i n  t h e  hea t  exchanger. 
A l l  low temperature tests were conducted wi th  
To f a c i l i t a t e  r ap id  shutdown 
Both hydrogen and n i t rogen  supply pressures  w e r e  remotely 
I n  add i t ion ,  the  n i t rogsn  supply 
G a s  flow w a s  measured 
Low temperature hydrogen gas w a s  obtained by passing ambient 
3 . 1 . 3  Control System Wiring and Instrumentat ion 
The con t ro l  system and instrumentat ion wir ing diagram i s  
shown i n  Figure 3 - 3 .  
recording purposes, torque motor c u r r e n t ,  ac tua to r  dynamic fo rc ing  func- 
t i o n ,  and ac tua to r  pos i t i on .  Torque motor cu r ren t  was determined by 
measuring the  vo l t age  across  a 10-ohm r e s i s t o r  i n  series wi th  t h e  torque 
motor c o i l s .  
from t h e  spa re  element of t h e  ac tua to r  dual-element potentiometer.  
se rvoampl i f ie r  cons i s t ing  
supply. 
and t h e  ac tua to r  dual-element potentiometer.  
The con t ro l  system was instrumented t o  provide,  f o r  
Actuator p o s i t i o n  w a s  determined by measuring the  vol tage  
The torque motor of t he  servoac tua tor  w a s  dr iven by a dc 
of t h e  ampl i f i e r  proper and a 15-vdc power 
The power supply i s  used as a power source f o r  t h e  ampl i f i e r  
3 . 1 . 4  DC Servoamplifier 
Severa l  ampl i f i e r  compensation c i r c u i t s  w e r e  used during 
t e s t i n g  t o  e s t a b l i s h  the  b e s t  means of compensating t h e  ac tua to r .  
t i a l l y ,  a rate feedback compensation c i r c u i t  and lead-lag c i r c u i t  were 
used t o  ob ta in  system performance. 
configurat ion.  
by t h e  ampl i f i e r  t o  form t h e  rate s i g n a l ,  which i s  then summed wi th  the  
e r r o r  vo l tage  between t h e  feedback and t h e  demand s igna l .  
s i g n a l  is s e n t  through a lead-lag c i r c u i t  and a cu r ren t  d r i v e r  s t a g e  
t o  d r i v e  the  servovalve torque motor. 
f e a s i b l e ,  i t  d i d  n o t  completely compensate f o r  t h e  load  resonance peak, 
and a 10-db peak i n  the  frequency response occurred. 
pressure  feedback c i r c u i t  w a s  a l s o  used. 
f i e r  f o r  t h i s  conf igura t ion  i s  shown i n  Figure 3 - 5 .  
In i -  
Figure 3-4 is a block diagram of t h i s  
The feedback vo l t age  s i g n a l  i s  e l e c t r o n i c a l l y  d i f f e r e n t i a t e d  
The summed 
Although t h i s  c i r c u i t  is b a s i c a l l y  
To achieve b e t t e r  compensation of t h e  ac tua to r ,  a load  
The block diagram of t h e  ampli- 
A pressure  t ransducer  
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w a s  i n s t a l l e d  across  the  motor p o r t s  between t h e  servovalve and the motor. 
This s i g n a l  would be  t h e  same as a t r u e  pressure  feedback s i g n a l  w i th in  
t h e  servovalve,  had t h e  valve been so  designed. This  transduced load- 
pressure  feedback adequately compensated t h e  ac tua to r ,  causing the  f r e -  
quency response of t h e  load  t o  be f l a t .  Fur ther  t e s t i n g  us ing  dynamic 
pressure  feedback w a s  n o t  t r i e d  because t h e  a c t u a t o r  b a l l  nu t  f a i l e d .  
3.2 OPEN-LOOP AND CLOSED-LOOP PERFORMANCE 
Both open-loop and closed-loop tests w e r e  conducted on t h e  Pneumatic 
Gimbal Actuator  wi th  t h e  gear  motor i n s t a l l e d .  The open-loop tests w e r e  
conducted t o  ob ta in  information necessary t o  complete the  servoamplif ier  
c i r c u i t  and i n s u r e  s t a b l e  closed-loop opera t ion  of t h e  ac tua to r .  
The fol lowing performance parameters were monitored i n  closed-loop 
operat ion:  
Frequency Response 
Trans ien t  Response 
Actuator  L inea r i ty  
Actuator Hys teres i s  
The above tests were conducted wi th  a room temperature n i t rogen  
supply a t  a pressure  of 800 ps ig .  The frequency response and t h e  t ran-  
s i e n t  response tests were conducted wi th  a f r i c t i o n  load of 7300Wunds 
and wi th  no-load f r i c t i o n .  
3.2.1 R a t e  Compensation 
The phase l a g  and amplitude r a t i o  a t  room temperature wi th  
rate feedback compensation are p l o t t e d  i n  Figure 3-6 f o r  no-load f r i c t i o n  
and i n  Figure 3-7 f o r  a f r i c t i o n  load of 7300pounds. The room temperature 
l i n e a r i t y  curve f o r  t he  5-2 ac tua to r  wi th  a pneumatic gear  motor i s  shown 
i n  Figure 3-8, while  Figure 3-9 is t h e  h y s t e r e s i s  curve f o r  t h e  ac tua to r .  
The room temperature t r a n s i e n t  response wi th  no-load f r i c t i o n  and f o r  a 
f r i c t i o n  load  of 73OO~ounds i s  shown i n  Figure 3-10. The closed-loop 
performance da ta ,  from which Figures  3-6 and 3-7 were obtained,  are 
shown i n  Figures  3-11 through 3-14. 
3 . 2 . 2  Pressure  Feedback Compensation 
Amplitude r a t i o  f o r  room-temperature, no-load f r i c t i o n  is  
p l o t t e d  i n  Figure 3-15, and t r a n s i e n t  response i s  p l o t t e d  i n  Figure 3-16. 
L inea r i ty  and r e so lu t ion  are shown i n  Figures  3-17 and 3-18. 
3 3 CONCLUSIONS 
The 5-2 pneumatic ac tua to r  performance has been upgraded by rep lac ing  
the  e x i s t i n g  vane servomotor with a gear  servomotor. 
requirement is  exceeded as the  -3-db po in t  occurs a t  a frequency g r e a t e r  
The 8-cps bandwidth 
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than 10 cps,  both with no-load f r i c t i o n  and wi th  a f r i c t i o n  load  of 
7300 pounds,with rate compensation. 
20 degrees.  The 5-2 ac tua to r  wi th  t h e  vane servomotor had a phase l a g  of 
28 degrees a t  1.0 cps and a bandwidth of 3.5 cps. 
a t o r  has  been reduced by the  e l imina t ion  of t he  vane f r i c t i o n  l o s s e s  which 
are c h a r a c t e r i s t i c  of a vane servomotor. 
w i th in  reason wi th  respec t  t o  t h e  rise t i m e ,  overshoot,  and s e t t l i n g  t i m e .  
P ressure  feedback compensation adequately damps t h e  load resonance, and 
a system wi th  dynamic pressure  feedback b u i l t  i n t o  the  servovalve would 
perform as w e l l  as a pis ton-cyl inder  hydraul ic  system. 
caused by t h e  h igher  performance gear  motor, stopped t e s t i n g  while  using 
hydrogen a t  -250’F. However, t h e  r e s u l t s  shown i n  t h e  previous s e c t i o n s  
e s t a b l i s h  adequate performance of a pneumatic gimbal a c t u a t o r  of t h i s  
type,  and a new a c t u a t o r ,  designed t o  f l igh tweight  s tandards and incor- 
pora t ing  t h e  technology developed i n  t h i s  program, w i l l  e a s i l y  perform 
the  engine gimbaling funct ion.  
The phase l a g  a t  1 cps i s  less than 
Deadband i n  t h e  actu- 
The t r a n s i e n t  response w a s  w e l l  
Actuator f a i l u r e ,  
i 
i 
3 
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APPENDIX A 
EFFECT OF THERMAL CYCLING AND CRYOGENIC TEMPERATURES 
ON ADHESIVE SHEAR STRENGTH 
p 
1 
To determine the effect of thermal cycling and cryogenic temperatures 
on the shear strength of a particular adhesive, eight samples of carbon 
bonded to stainless steel were shear. tested after thermal cycling between 
60'F and -320'F. Two others were shear tested without thermal cycling. 
The results show that the thermal cycling was not harmful to the adhesive 
qualities of the epoxy bonding materials tested. Some of the shear tests 
were performed at room temperature - the others with the specimens submerged 
in liquid nitrogen at -320'F. The shear strength of the bond was greater 
at cryogenic temperature than at room temperature. 
A.l BONDED TEST SPECIMENS 
Ten specimens were made for the shear tests. Each consisted of 
AUT83 carbon, approximately 0.125-inch thick, bonded to a 416 Stainless 
Steel test block, 0.500-inch square by 0.250-inch thick. The bonding 
surfaces of both the carbon and the stainless steel were ground. The 
specimens were bonded with Emerson & Cuming's Eccobond 285, using Catalyst 
24LV. 
A.2 TEST PROCEDURE 
The adhesive in these specimens was 0.001-inch thick. 
Eight of the specimens were thermally cycled between -320'F and 
60'F by alternately submerging them in liquid nitrogen and in water. 
thermocouple was attached to each specimen to measure its temperature. 
The transient time from room temperature to -320'F was one minute, and 
the time from -320'F to 60'F was approximately two minutes. 
down-up cycle, the specimens were inspected. 
four underwent 10 cycles. 
diagrammed in Figure A-1. 
six were sheared while submerged in liquid nitrogen at -320'F. 
A 
After each 
Four of the specimens were subjected to 13 cycles, and the other 
The ten specimens were then shear tested, using the test setup 
Four were sheared at room temperature, and 
A.3 TEST RESULTS 
The test results for all ten specimens are shown in Table A-1. 
average shear strength of the adhesive bond was: 
The 
Tests at 70'F - 1065 psi 
Test at -320'F - 1550 psi 
A-1 
Table A-1 - Cryogenic Bond Strength 
Sample 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Temperature 
(OF) 
70 
70 
70 
70 
-320 
-320 
-320 
-320 
-320 
-320 
1400 
985 
776 
1105 
1465 
1520 
1148 
1575 
2020 
1580 
Area 
(sq. in . )  
0.216 
0.207 
0.214 
0.222 
0.221 
0.221 
0.222 
0.221 
0.214 
0.221 
Remarks 
Sample Broke 
Sample Broke 
Sample Broke 
NOTE: Samples 1 through 8 were thermal  cyc led  between -320'F and 60°F 
b e f o r e  s h e a r  tests. 
STAINLESS STEEL 
LIQUID NITROGEN 
ESIVE BOND 
P-4439 
Figure A-1 - Shear T e s t  Setup 
A-2 
After thermal cycling, the adhesive bond was intact and exhibited 
good shear strength, although the average shear strength was about 20% 
below the average of the samples that did not undergo thermal cycling. 
exhibited the shear strength predicted in the manufacturer’s technical 
bulletin for Eceobond 285 adhesive. One reason for this apparently is 
the finish of the bonding surface. 
whereas the manufacturer recommends a rough bonding surface. 
All of the specimens had sufficient shear strength, although none 
These specimens had a ground surface 
A.4 DISASSEMBLY OF BONDED PARTS 
Since some applications would require disassembly of bonded assem- 
blies, a convenient method of Separating the bonded parts is desirable. 
An effective method was devised for. destroying the bond and separating 
the AUT33 carbon from the 416 Stainless Steel. The samples are heated 
to 500’F and soaked at this temperature for ten minutes. Then a slight 
pressure exerted against the carbon removes it cleanly from the stainless 
steel, 
A-3 
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B .1 NOMENCLATURE 
a - d i s t a n c e  from p i tch  po in t  t o  f i n a l  po in t  of con tac t  - i n .  
B - p i t c h  po in t  
C - po in t  of con tac t  
D - displacement - i n  / r ev  3 
E - cen te r  of gea r  
F - f o r c e  r e s u l t i n g  from pin ion  torque 
G - c e n t e r  of p in ion  
H - p i t c h  r ad ius  of gear  p lus  p i t c h  r ad ius  of pin ion  - i n .  
R - gear  width - in .  
P1 - high  p res su re  a c t i n g  on gears  - ps ig  
P2 - low p res su re  a c t i n g  on gears  - ps ig  
AP - d i f f e r e n c e  between P1 and P2 - p s i  
r - ou te r  r ad ius  of gear - i n .  
r - ou te r  r ad ius  of p in ion  - in .  
1 
2 
r bl - base  r ad ius  of gear - i n .  
b 2  - base  r ad ius  of p in ion  - i n .  r 
I 
r - r ad ius  of t oo th  p r o f i l e  of gear a t  po in t  of con tac t  - i n .  d 
df - r ad ius  of t oo th  p r o f i l e  of gear a t  f i n a l  po in t  of contac t  - i n .  
r 
r - r ad ius  of t oo th  p r o f i l e  of p in ion  a t  p o i n t  of 
contac t  - i n .  i 
B-1 
R1 - 
R2 - 
T -  
TG - 
TP - 
TR - 
TT - 
4 -  
- 
'i 
'f - 
'm 
- 
0 -  
- 
'i 
Of - 
T -  
B -  
a -  
n 
0 1 -  
x -  
pitch radius of gear - in. 
pitch radius of pinion - in. 
torque 
torque 
torque 
torque 
torque 
- lh-in 
generated by gear - lb-in 
generated by pinion - lb-in 
transmitted to gear - lb-in 
output of mesh - lb-in 
pressure angle - degrees 
pressure angle at initial point of contact - degrees 
pressure angle at final point of contact - degrees 
main pressure angle - degrees 
polar angle - degrees 
polar angle at initial point of contact - degrees 
polar angle at final point of contact - degrees 
initial roll angle - degrees 
initial roll angle - radians 
angular rotation of gear - degrees 
angular rotation of gear - radians 
main pressure angle minus pressure angle - degrees 
B.2 PRINCIPLE OF OPERATION 
Figure B-1 represents one mesh of a gear motor, and Pi and P2 are 
the high and low pressures, respectively, that act upon the gears. To 
illustrate how a motor functions, the gear and pinion will be looked at 
separately to see how the pressure difference between P1 and P2 act to 
create an output torque. 
the gear teeth represent the pressure in the various tooth spaces acting 
on the faces of the gear teeth. In tooth spaces 1, 2 ,  and 4 ,  the pressure 
is equal throughout the space and no unbalanced forces are created; but 
The gear is shown in Figure B-2. The arrows shown on the face of 
"1 
1 
i 
i 
i 
B-2 
I 
F igure  B-1 - Typical Gear Motor Mesh 
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INT OF CONTACT 
Figure B-2 - Pressu re  P r o f i l e  f o r  Gear 
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i n  t oo th  space 3 t h e  high pressure ,  PI, acts along one f ace  up t o  t h e  
poin t  of contac t ,  beyond which the  low pressure  P2 acts. 
along t h e  oppos i te  f ace .  
c rea ted  t h a t  r e s u l t s  i n  a torque i n  t h e  d i r e c t i o n  shown. 
and the  r e s u l t i n g  torque i s  t ransmi t ted  through t h e  po in t  of contac t  t o  
t h e  d r i v e  gear.  The output  torque of t h e  mesh i s  t h e  sum of t h e  torques 
of t h e  gear  and pinion.  
contac t  travels along i t s  face. 
t h e  po in t  of contac t  i s  a t  i t s  fur thermost  po in t  down t h e  too th ,  and t h e  
minimum o r  zero torque occurs  when t h e  po in t  of contac t  i s  a t  t h e  t i p  
of t he  tooth.  
t h e  gears  t h a t  con tac t s  t h e  bottom o r  t h e  las t  po in t  of contac t  of t h e  
o the r  so t h a t  one gear  produces maximum torque whi le  t h e  o the r  i s  pro- 
ducing zero torque. 
P2 a l s o  acts 
It can be  seen t h a t  an unbalance of fo rces  i s  
The high and low pressures  act s i m i l a r l y  on t h e  pinion,  Figure B-3, 
The torque generated by each too th  space varies as the  po in t  of 
The maximum torque i s  generated where 
I n  t h e  meshing of gear  t e e t h ,  it i s  t h e  t i p  of one of 
B . 3  EQUATIONS FOR OUTPUT TORQUE 
B.3.1 Output Torque of Gear 
To determine t h e  torque output  of a gear  motor, look a t  
Between t h e  r o o t  t h e  too th  space of t h e  d r i v e  pinion,  F igure  B-4(a). 
of tHe too th  and t h e  po in t  of con tac t ,  t h e  pressure  has no e f f e c t ,  bu t  
between t h e  po in t  of contac t  and t h e  t i p  of t h e  too th  t h e  d i f f e rence  i n  
pressure  of P i  and P2 (AP) acts t o  produce a torque. The too th  space 
may be represented as shown i n  Figure B-4(b), where AP i s  ac t ing  on t h e  
u n i t  area between r l  and rd.  
a cen te r  E. 
cen ter .  The torque,  dT, developed by t h i s  area, w i l l  be:  
The u n i t  area i s  allowed t o  r o t a t e  about 
Now consider  a s m a l l  area, R d r y  a t  a d i s t ance  r from t h e  
dT = AP R d r  r 
Summing a l l  t h e  s m a l l  torques developed between r d  and '1: 
dT = AP R 1' r d r  
d 
- 1  
- 1  
- i  
5 
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Figure B-3 - Pressure  P r o f i l e  f o r  P in ion  
a b 
Figure B-4 - Diagram f o r  Determining Output Torque 
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and torque developed by t h e  gear  width, R ,  is: 
The torque of t h e  p in ion  may be  expressed s imi l a r ly :  
where 
r = outer  rad ius  of t h e  pinion 
r, ,= 
2 
rad ius  of too th  p r o f i l e  of t he  pinion a t  poin t  of contact .  
L 
B.3.2 
output of the  
Tota l  Torque Output 
The t o t a l  torque output  of a two-gear motor i s  the  torque 
gear  plus  t h a t  t ransmit ted from the  pinion. 
TT = T G + TR ( 4 )  
To determine the  t ransmit ted torque, look a t  Figure B-5. 
t he  pinion w i l l  r e s u l t  i n  a fo rce  F i n  t h e  d i r e c t i o n  of t he  pa th  of con- 
tact  ac t ing  a t  t h e  poin t  of contac t .  
The torque of 
This fo rce  is  equal to:  
where 
Tp = torque of t h e  p in ion  
b2 = base rad ius  of t h e  pinion. r 
B-6 
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Figure B-5 - Force Diagram i n  Motor Gear Mesh 
The r e s u l t i n g  torque i n  t h e  d r i v e  p in ion  i s  then 
TR = F rbl 
and 
TR F =  - 
b l  r 
B-7 
where 
= base radius of the gear. b l  r 
Substituting equation ( 6 )  into equation (5) : 
TP - - -  TR  
b2 r bl r 
or 
- TP 'bl 
b2 TR - r 
The base radii, rbl and rb2, may be expressed as: 
r = R cos 0, bl 1 
r = R cos @m b2 2 
thus 
which is reduced to: 
> 
R1 
TP 
- -   
TR R2 
Substituting equations (21, ( 3 ) ,  and (10) into equation ( 4 ) :  
(7) 
B-8 
which may be written 
AP R 
2 
For a gean..set.of-gears, rd and ri are the only variables in the equation. 
They may be expressed in the terms of 4,  
and R2. 
rb, and the pitch radii R 1  
Of these, only 4 is variable (see Figure B-6) .  
e 4 4 3 9  / G  
Figure B-6 - Graphical Definition of 4, 4m, and A 
r = r sec 4 d b l  
r = ( R ~  + R ~ )  2 + rd2 - 2 ( R ~  + R ~ )  rd cos (4, - $1 (13) i 
By letting R 1  + R2 = H and 
in equation (13) ,  
- 4 = A, and substituting equation (12) 
(14) 2 2 r = H + (rbl sec 4) - 2 H rbl sec $ cos A i 
Substituting equations (12) and ( 1 4 )  into equation (ll), 
The equation for torque when the contact point is at the 
pitch line is: 
For a three-pinion motor, the torque output would be twice 
that of the above equation. 
Torque is also equal to: 
D AP 
2lT 
T =  -
B-10 1 
1 
Combining equations (17) and (18) we have: 
B-11 
